Abstract. The diversity of life on Earth is made possible through an immense variety of proteins that stems from less than a couple of dozen native amino acids. Is it possible to achieve similar engineering freedom and precision to design electronic materials? What if a handful of nonnative residues with a wide range of characteristics could be rationally placed in sequences to form organic macromolecules with specifically targeted properties and functionalities? Referred to as molecular electrets, dipolar oligomers and polymers composed of non-native aromatic beta-amino acids, anthranilamides (Aa) provide venues for pursuing such possibilities. The electret molecular dipoles play a crucial role in rectifying charge transfer, e.g., enhancing charge separation and suppressing undesired charge recombination, which is essential for photovoltaics, photocatalysis, and other solar-energy applications. A set of a few Aa residues can serve as building blocks for molecular electrets with widely diverse electronic properties, presenting venues for bottom-up designs. We demonstrate how three substituents and structural permutations within an Aa residue widely alter its reduction potential. Paradigms of diversity in electronic properties, originating from a few changes within a basic molecular structure, illustrate the promising potentials of biological inspiration for energy science and engineering.
Introduction
This article describes the design rationale for oligomers and polymers with large permanent electric dipoles, i.e., molecular electrets, composed of anthranilamide (Aa) residues (Fig. 1 ). [1] [2] [3] about 3 D/residue, oriented from the N-to the C-termini (Fig. 1) 9 and (2) extended π-conjugation along the macromolecular backbone that can prove essential for mediating long-range CT. 10 Our computational and experimental studies demonstrated that Aa conjugates possess permanent electric dipoles, i.e., they are indeed molecular electrets. 2, 9 Comparing the extent of deshielding (i.e., relative acidity) of the amide protons as determined from nuclear magnetic resonance (NMR) studies provided experimental confirmation that the total molecular dipoles are oriented form the N-to the C-termini of the Aa conjugates. 2 We have demonstrated that an Aa residue can act as a molecular rectifier (or a diode), showing preference of electron transfer (ET) toward the C-terminus. 1 This emphasis on rectification of CT, rather than charge transport, allows for assessing the effects induced by small organic residues or short oligomers without the interference from the contacts with conducting and semiconducting substrates. 11, 12 Interfacial charge transport and CT "hold" the key for improving energy-conversion efficiencies of materials and devices. 4, 13, 14 Molecular-level understanding of charge-transfer rectification, implemented with a rational control of surfaces and interfaces, 5, [15] [16] [17] provides the venues for such efficiency improvements. The magnitude of CT rectification for a single Aa residue is comparable with the rectification exerted by peptide helices comprising more than 10 amino acid residues. 1 The molecular dipoles have a dominating contribution toward this rectification effect. The asymmetry in electrondensity distribution, induced by the positions of the substituents, and the molecular dynamics also contribute to the CT processes. The latter affects the photoinduced charge separation kinetics, while the former affects the consequent charge recombination. 1 To truly benefit from the promising CT properties of Aa, it is essential to achieve structural diversity of these electret conjugates, leading to wide variety of electronic functionalities. Extending principles from proteomics to the design of widely diverse molecular electrets places a demand on developing sets of their building blocks, i.e., the non-native Aa residues, with different electronic properties.
Herein, we describe the rationale behind bringing structural features from different classes of biomacromolecules (i.e., proteins and nucleic acids) to design Aa molecular electrets in the search of improved CT properties that are not inherent for living systems. We focus on a set of Aa residues that are chemically modified with electron-donating substituents (at R 1 and R 2 , Fig. 1 ) for lowering the ionization energies and improving hole-transfer capabilities. Replacing the hydrogen at R 2 with three types of substituents with different electron-donating propensity causes negative shifts in the Aa reduction potential, amounting to about 0.1, 0.3, and 1 V. Moving an electron-donating group (EDG) from R 2 to R 1 results in a positive shift in the reduction potentials of about 0.1 to 0.3 V, which is indicative of an increase in the ionization energy. Discussion of their rectification and other CT properties illustrates the potential impact that the diversity in Aa molecular electrets can have on electronic materials and energy conversion.
CT Molecular Electrets: Practical Ideas from Structural Biology
Electrets are dielectrics with permanent electric polarization. The polarization can originate from volume-embedded or surface-trapped charges (i.e., real-charge electrets), or from codirectionally ordered electric dipoles (i.e., dipole-polarization or dipolar electrets). 18, 19 The lack of directionality of electrostatic interactions and ionic bonds governs the dynamics and the complexity in the behavior of real-charge electrets that encompass "space-charge" and "surface-charge electrets." 20, 21 Conversely, the defined directionality of covalent bonds (which, indeed, are also electric in nature) provides a key advantage for arranging noncharged molecular dipolar moieties. For molecular dipoles, patterns of covalent bonding keep the displacement of the centers of positive and negative charges more or less permanently fixed. Therefore, dipolar electrets, which are electrostatic analogues of magnets, 22 provide an important venue for the design and development of macromolecules and materials for electronic and energy applications.
Biology presents some of the best examples of molecular electrets and the utility of their electronic properties. Peptide bonds are aliphatic amides (with permanent dipoles of about 4 D) 23 that hold together the protein backbones. In protein α-helices, the peptide bonds are codirectionally oriented along the helix axes (Fig. 2) , resulting in substantial electrical polarization of these macromolecular secondary conformers, [24] [25] [26] i.e., protein α-helices are biomolecular electrets.
A network of hydrogen bonds, which are also aligned along the helix axes supporting these protein structures (Fig. 2) , further enhances the total macromolecular dipoles of protein α-helices. The hydrogen bonding between the carbonyl oxygens and amide hydrogens from peptide bonds on neighboring helix turns causes a collective shift in electron density from the oxygens to the hydrogens, i.e., it causes polarization that is in the direction of the amide dipoles. This effect, however, does not result in negatively charged hydrogens and positively charged oxygens. Rather, the oxygens in the peptide bonds are negatively polarized and upon hydrogen bonding, some of this partial negative charge shifts toward the N-H bond of an amide on the neighboring turn. The ordered hydrogen and peptide bonds in the α-helices result in their intrinsic electric dipoles of about 5 D/residue, pointing from the C-to the N-termini (Fig. 2) . 27 Other protein helices also exhibit dipole-induced polarization. Similar to α-helices, alignment of hydrogen and amide bonds in 3 10 -helices results in intrinsic electric dipoles (4.5 D/residue) pointing from the C-to the N-termini. 27 In fact, 3 10 -helices are tight-wound analogues of α-helices: i.e., 3 10 -helices contain three residues per turn and each hydrogen bond closes a backbone loop comprising 10 atoms. Indeed, protein α-helices are 3.6 13 helices.
Polyproline helices exhibit another interesting set of electronic properties. Proline is a native amino acid with a rigid structure and a secondary α-amine. Therefore, polyprolines assume helical conformations without hydrogen bonding, making their intrinsic dipoles smaller than the dipoles of α-helices. 27 In the two types of polyproline helices, type I and type II, the peptide bonds have different conformations and their dipoles are orientated differently. Type I comprises "cis" amides inducing a ground-state dipole of 4.1 D/residue (pointing from the N-to the Cterminus), and type II with "trans" amides has a dipole of 1.5 D/residue (pointing from the C-to the N-terminus). Therefore, conformational changes back and forth from type I to type II polyproline helices switch the direction of their polarization, 27 which is a unique feature of these biomolecular electrets.
The dipole-generated electric fields in the proximity of protein helices amounts to about 10 8 to 10 9 V∕m, which proves important for ET and ion-transport processes in living organisms. [28] [29] [30] [31] In synthetic polypeptide helices, the intrinsic dipoles rectify the directionality of CT. [32] [33] [34] [35] [36] [37] The broadband gap [or highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap] of proteins, however, along with the inability to inject charges in them without chemically cleaving their backbones, [38] [39] [40] considerably limits their utility as electronic materials. Proteins and polypeptides (composed of native α-amino acids and their derivatives) mediate ET solely via tunneling, the efficiency of which is limited to about 2 nm. [41] [42] [43] [44] [45] [46] Conversely, arrays of cofactors and redox-active residues, such as tryptophan or tyrosine, make it possible to attain long-range ET. 47, 48 That is, multiple short and efficient "electron hopping" steps along arrays of redox moieties allow ET to exceed the 2-nm tunneling limit. [48] [49] [50] [51] [52] Deoxyribonucleic acid (DNA) strands represent a class of biopolymers that can mediate CT at distances exceeding 2 nm. [53] [54] [55] [56] [57] Short efficient tunneling steps between closely situated bases, with relatively negative reduction potentials of their radical cations, mediate hole hopping. The lack of detectable distance dependence of the CT rates (for a donor-acceptor separation larger than about 1 nm) is an indication for the hopping mechanism. (In a case of tunneling, the CT rates, k CT , fall off exponentially with donor-acceptor distance, rðDAÞ, i.e., k CT ∝ ε −βrðDAÞ , while in a case of hopping, they fall off as an inverse of the number of hopping sites, N, i.e., k CT ∝ 1∕N η .) [49] [50] [51] As an alternative to DNA, peptide nucleic acid (PNA) strands present certain advantages for long-range hole hopping. [58] [59] [60] [61] The smaller helical twist of PNA, in comparison with DNA, improves the electronic coupling between neighboring bases. 58 Furthermore, PNA derivatives are not acids (despite the name) and they do not contain ionic charges along their backbones. Instead, PNA backbones comprise primary and secondary amides resulting in the intrinsic electric dipole reported for single-stranded structures. 62 The double-stranded PNA, however, has certain conformational rigidity and an advantage for CT over the single-stranded one. To attain permanent intrinsic dipoles in double-stranded structures, the PNA chains have to assemble in a parallel manner. Conversely, the antiparallel double-stranded PNA is slightly more stable than the parallel one. 63, 64 Considering the electronic features of the various natural macromolecular conjugates, we undertake a bioinspired approach to the development of molecular electrets that can mediate CT (Fig. 1 ). 3 Our de novo designs are based on derivatives of anthranilic acid, which is an aromatic β-amino acid. Similar to protein α-and 3 10 -helices, Aa has ordered arrangements of amide and hydrogen bonds that result in permanent dipoles in the order of 4 to 5 D/residue pointing from the N-to the C-terminus (Fig. 1) . 2, 9 Unlike protein helices, however, the aromatic residues can provide sites for charge hopping along the Aa backbones. In DNA and PNA, the bases providing the charge hopping sites are electronically coupled via noncovalent face-to-face π-stacking. In Aa, the aromatic moieties compose the backbones and the partially π-conjugated covalent amide linkers ensure considerable overlap between the frontier orbitals on the neighboring residues. 9, 65 Furthermore, the ability to adjust the electronic properties of each residue by synthetically altering the distal substituents (R 1 and R 2 , Fig. 1 ) provides an incomparable unique means for tuning the CT mechanism from tunneling to hole hopping and to electron hopping.
Principles of Biodiversity Extended to Electronic Materials
The diversity of life on Earth is made possible through a variety of protein structures and functionalities that stem from only 20 common native α-amino acids. The sequence of amino acids in a protein chain directs the folds toward the preferred secondary conformations, tertiary structures, and quaternary self-assemblies that result in various protein functionalities. Cofactors and "noncommon" proteinogenic amino acids, such as selenocysteine and pyrrolysine, may appear as the centerpieces of observed protein activity. It is the whole protein microenvironment, however, with nanometer scale structural features that tunes the vital functionalities. Overall, the properties of the single side chain of each residue and its place in the protein sequence determine the emergence of the structure-function relationships at a macromolecular level. That is, altering the sequences comprising a few "common" residues that differ only by a single side chain leads to countless functionalities.
Can electronic and photonic material achieve the same diversity by employing similar principles? The bioinspired molecular electrets are composed of β-amino acids, i.e., Aa residues (Fig. 1) . Each Aa residue has two side chains, R 1 and R 2 ( Fig. 1) , that can be synthetically modified (Fig. 3) . The availability for variations at two sites, R 1 and R 2 , provides a certain advantage over the native α-amino acids that contain only a single side chain each.
For hole-transducing molecular electrets, we prepared Aa residues with EDGs as the R 1 and R 2 substituents (Fig. 3) . Replacing the hydrogen at R 2 with a strong EDG, such as dialkylamine, causes about 1 V negative shift in the reduction potentials [compare 5Pip and Ant, Figs. 3 and 4(b)]. This finding is in an agreement with the 1-eV elevation of the energy levels of the HOMOs induced by similar dialkylamine substituents, 9 i.e., such EDGs considerably improve the capabilities of the Aa residues to mediate hole transduction. The electrochemical reduction potentials of singly oxidized organic species, i.e., of Aa •þ þ e − → Aa, correlate with their ionization energies and hence, with the energy levels of their HOMOs. [66] [67] [68] Alkyl and alkyloxy substituents that are weaker EDGs than the amines also cause negative shifts in the reduction potential of Aa but not as large as the one observed for R 2 ¼ dialkylamine [ Fig. 4(b) ]. (Fig. 3) . (a) UV/visible absorption and fluorescence spectra of 5Pip for dichloromethane (DCM) (for fluorescence, λ ex ¼ 310 nm). The wavelength, λ 00 , at the crossing point between the intensity-normalized spectra provides an estimate for the zero-to-zero energy, E 00 ¼ hc∕λ 00 , which represents the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) optical gap. 5, 65, [69] [70] [71] Inset: cyclic voltammogram of 5Pip for DCM in the presence of 200 mM tetrabutylammonium hexafluorophosphate (scan rate ¼ 200 mV∕s). (b) Reduction potentials of singly oxidized Aa residues, E ð0Þ (Aa •þ þ e − → Aa), obtained from cyclic voltammetry for solvents with different polarity (as represented by the solvent static relative dielectric constants, ε). The data points (the circles) represent E ð0Þ for four neat solvents, obtained from extrapolation to zero electrolyte concentration. 72, 73 The dashed lines are least-square data fits using E ¼ a þ b∕ε, as expected from the Born solvation energy. 74 (c) Zero-to-zero energy of Aa residues. The circles are data points for four different solvents and dotted lines are linear data fits. [For (b) and (c), the four solvents with different ε are DCM, benzonitrile, acetonitrile, and propylene carbonate.]
Another feature of the electronic properties of the Aa residues is the significance of the exact position of the substituent; i.e., it is important not only what the substituent is but also where it is in the aromatic ring, i.e., R 1 versus R 2 . Moving dialkylamine from the R 2 to the R 1 position causes about a 0.2-V positive shift in the reduction potential [ Fig. 4(b) ], making the Aa residue a slightly worse mediator of hole transduction.
The optical properties of the residues also manifest a strong dependence not only on the type of substituent but also on its position [ Fig. 4(c) ]. Thus, a single substituent for the two side chains, R 1 and R 2 , of the Aa residues provide a means for tripling the diversity in properties compared to native amino acids with single side chains. For an electron-donating or electronwithdrawing substituent, G, the three possible Aa residues,
would have different electronic properties. This trend demonstrates one of the key advantages of bioinspired approaches versus the biomimetic and biological ones. 3 An important feature revealed by the experimental findings is the difference in the extent with which the substituents affect the electrochemical and optical properties of the Aa residues. The reduction potentials of Aa •þ , which correlate with the ionization energy of the residues, pronouncedly depend on the electron-donating strength of the substituents. The exact position of the substituents further tunes the ionization energy but it does not dominate the observed trend. That is, the negative shift in the reduction potential, E ð1∕2Þ ðAntÞ > E ð1∕2Þ ðMetÞ > E ð1∕2Þ ðHoxÞ > E ð1∕2Þ ð4PipÞ > E ð1∕2Þ ð5PipÞ, follows the electron-donating strength of the substituent, H < CH 3 < OC 6 H 13 < NðCH 2 Þ 5 [ Fig. 4(b) ]. The optical properties of the Aa residues, on the other hand, manifest a considerably stronger sensitivity to the position of the substituents than to their electron-donating strength or π-conjugating propensity. For the residues with substituents at position 5, Met, Hox and 5Pip (Fig. 3) , the zero-to-zero energy, E 00 (which is equivalent to optical band gap for molecular spectroscopy) decreases as R 2 alters from H to CH 3 , OC 6 H 13 , and NðCH 2 Þ 5 [ Fig. 4(c) ]. This trend follows the π-conjugating propensity of the substituents. Shifting the piperidine substituent from position 5 to 4 (i.e., 5Pip to 4Pip), increases E 00 by about 0.6 eV, making it equivalent to E 00 of Met [ Fig. 4(c) ]. Indeed, these trends are based on examining five conjugates, and their universality is still to be tested by expanding the set of Aa residues. Nevertheless, they reveal key design considerations for electronic and photonic organic materials.
Inducing CT rectification is the most important electronic feature of the molecular electrets. The intrinsic dipoles remove the degeneracy between the frontier orbitals on neighboring Aa residues resulting in "cascade" energy configurations for driving hole transfer or ET. 9 As the length of the molecular electrets increases above 10 nm or so, the energy of each of the frontier orbitals (e.g., HOMOs and LUMOs) should asymptotically approach constant values toward one of the termini due to dipole-induced charge displacement, making the "cascade" CT profiles nonlinear.
Once charge carriers are injected in a sequence of Aa residues, the intrinsic dipoles can ensure a preference for hole transfer toward the N-termini along the HOMOs of the residues, and for ET toward the C-termini along the LUMOs. The capability of Aa conjugates to act as molecular rectifiers (or diodes) can prove immensely beneficial for enhancing forward ET or hole transfer and suppressing undesired charge recombination. These rectifying properties can be attained with homomeric molecular electrets based on sequences of the same Aa residue selected for its ionization energy or electron affinity.
Conversely, at donor-acceptor interfaces, diversity in the electronic properties of the Aa residues can significantly aid the efficacy of the initial processes that convert the absorbed light energy into charge carriers. Coulomb trapping of charge-separation states at donor-acceptor interfaces is a principal source of losses in organic photovoltaic and other electronic devices.
14,75-83 It also imposes a need for larger driving forces than that required by the fundamental limits (decreasing, for example, the open circuit voltages, V OC ) in order to provide excess energy for the generated charges to escape the traps. 14, [84] [85] [86] [87] Even in the presence of favorably oriented dipoles, these trapping Coulomb interactions can extend over a nanometer or two from the donor-acceptor interfaces, and the depth of the Coulomb traps can be a few hundred millielectronvolts. Hence, because of the presence of such traps for the electret dipoles to exert a dominant effect, the electron or the hole has to migrate a couple of nanometers away from the countercharge at the donor-acceptor interface. Because the increment of Aa polyamides is about 0.45 nm∕residue, the first two-to-four residues from the donor-acceptor interface are most important for eliminating undesired Coulomb trapping. Considering, for example, hole hopping (i.e., on-resonance hole transfer) along Aa sequences, selecting the first few residues attached to the electron acceptor to have slightly higher ionization energies than the residues in the rest of the polyamide chain can decrease the depth of the Coulomb traps and even completely eliminate them. Molecular electrets with widely diverse sequences will allow for implementing this beneficial CT feature to different electronic materials and energy-conversion systems. In parallel with proteins and their amino-acid building blocks, such diversity in molecular electrets can originate from a few Aa residues with different ionization energies and electron affinities.
Experimental Methods

Materials
The synthetic starting materials and reagents were purchased from TCI America or Sigma-Aldrich. The solvents (reagent, high-performance-liquid-chromatography, and spectroscopic grade) were obtained from Fisher Scientific. The deuterated solvents were purchased from Cambridge Isotope.
The Aa residues (Fig. 3) are prepared from derivatives of 2-nitrobensoic acid with different R 1 and R 2 substituents (Fig. 1) . A general synthetic route includes:
1,2 (1) attaching the desired R 1 and R 2 group, (2) coupling an alkylamine to the C-terminal carboxylate, (3) selectively reducing the nitro group to an amine, and (4) coupling an aliphatic carboxylic acid to the thus formed N-terminal amine. For Ant and Met, the precursors (2-nitrobenzoic acid and 5-methyl-2-nitrobenzoic acid) are commercially available, allowing for the elimination of step 1. All reactions are performed under a nitrogen atmosphere. To prevent undesired oxidation, step 4 is carried out immediately after step 3, without isolating the amine. The combined yields for steps 3 and 4 range between about 10% and 50% regardless of whether tin (II) 88 
, integration, and coupling constants. All 13 C NMR spectra were recorded with complete proton decoupling.
Hexyl-N-hexanoylanthranilamide (Ant)
The 3-mmol 2-nitrobenzoic acid and 6 mmol N-hydroxysuccinimide were dissolved in 10 ml N; N 0 -dimethylformamide (DMF). The solution was chilled on an ice bath and 9 mmol of an activation agent, N; N 0 -diisopropylcarbodiimide, was added dropwise. After stirring for 2 h at 0°C , 9 mmol of 1-aminohexane was added dropwise. The mixture was stirred for 30 more min at 0°C , allowed to warm up to room temperature and stirred until the completion of the reaction: the consumption of the nitrobenzoic acid was monitored using thin-layer chromatography (TLC). The reaction mixture was diluted with dichloromethane (DCM), washed with 5% HCl and MilliQ water, dried with anhydrous Na 2 SO 4 , concentrated in vacu and purified chromatographically to produce 550-mg white solid of N-hexyl-2-nitrobenzamide (2.2 mmol, 73% N-hexyl-2-nitrobenzamide (1 mmol) and SnCl 2 ⋅ 2H 2 O (sixfold molar excess) were suspended in 2 ml 1,2-dimethoxyethane and purged with nitrogen. The mixture was refluxed and the progress of the reaction was monitored with TLC. After complete reduction of the nitro group (usually about 2 to 5 h), the solvent was removed under reduced pressure, the reaction solid was suspended in 3 ml DMF under nitrogen, and 1.5 mmol hexanoic anhydride was added dropwise, followed by a slow addition of 1.5 mmol triethylamine, and the mixture was stirred for 4 h. The reaction mixture was dissolved in 50 ml DCM, washed with a saturated aqueous solution of Na 2 CO 3 , and dried over anhydrous Na 2 SO 4 . Purification using flash chromatography resulted in 30 mg of white compound, Ant (0.9 mmol, 9% yield): 1 H-NMR (400 MHz, CDCl 3 ) δ∕ppm: 11.00 (1 H, s) 
Hexyl-N-hexanoyl-5-methylanthranilamide (Met)
Starting with 5-methyl-2-nitrobenzoic acid and using the procedures for N-hexyl-2-nitrobenzamide, afforded N-hexyl-5-methyl-2-nitrobenzamide (21% yield): 
Hexyl-N-hexanoyl-4-(piperidin-N-yl)anthranilamide (4Pip)
The 4-mmol 4-fluoro-2-nitrobenzoic acid was suspended in 2 ml piperidine and refluxed overnight. The reaction solution turned from clear to dark orange, indicative of the formation of 2-nitro-4-(piperidin-N-yl)benzoic acid. After cooling, the reaction solution was diluted with 100 ml DCM and sequentially washed with 1M HCl and brine. The organic layer was collected, dried over Na 2 SO 4 , and concentrated in vacuo to produce 980 mg yellow powder (3.9 mmol, 97%) of 2-nitro-4-(piperidin-N-yl) 
N-hexanoyl-5-(piperidin-N-yl)anthranilamide (5Pip)
Starting with 4-fluoro-2-nitrobenzoic acid, 5Pip was prepared in four steps using a procedure similar to the one for 4Pip, as we have previously reported. 1 
Hexyl-N-hexanoyl-5-hexyloxyanthranilamide (Hox)
The 5-mmol 5-hydroxy-2-nitrobenzoic acid, 10 mmol Cs 2 CO 3 , and 11 mmol 1-iodohexane were suspended in 100-ml anhydrous N; N-dimethylacetamide and flushed with nitrogen. The reaction mixture immediately turned yellow due to the deprotonating of the hydroxyl group under the basic conditions (forming the para-nitrophenolate ion derivative of the starting material). The mixture was kept at 150°C for 3 h. Upon cooling, the reaction mixture was suspended in DCM, washed with acidic and basic aqueous solutions, and dried over anhydrous Na 2 SO 4 to produce a slightly yellow oil. Purification using flash chromatography afforded 1.7 g (4.8 mmol, 96% yield) of hexyl-5-hexyloxy-2 Hexyl-5-hexyloxy-2-nitrobenzoate (930 mg, 2.6 mmol) was dissolved in 2 ml ethanol and while stirring, 1 ml of 3 M KOH in ethanol was added dropwise. The basified solution was heated to 60°C. The progress of the reaction was monitored using TLC. After the complete consumption of the starting material, the reaction solution was allowed to cool to room temperature and quenched by slowly adding it to a mixture of DCM and 5% aqueous HCl. The organic phase was collected, washed with MilliQ water, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo to produce white solid (640 mg, 2.4 mmol, 92%) of 5-hexyloxy-2- and zinc dust (434 mg, 6.7 mmol) were suspended in 4 ml 1,2-dimethoxyethane and stirred for 6 h. The reaction mixture was filtered and the filtrate was diluted with DCM then washed in 1% HCl and MilliQ water. The solvent was removed in vacuo and 2 ml of DMF was added under nitrogen. Sequentially, hexanoic anhydride (0.23 ml, 1 mmol) and Et 3 N (0.14 ml, 1 mmol) were added dropwise and the mixture was stirred at room temperature for 2 h. The reaction mixture was diluted with 50 ml ethyl acetate, washed with 5% HCl and MilliQ water, dried over Na 2 SO 4 , and concentrated in vacuo. Purification using flash chromatography afforded 210 mg white solid (0.48 mmol, 40% yield) 
Methods
UV/visible absorption and emission spectroscopy
The ground-state absorption spectra were recorded in a transmission mode using a JASCO V-670 spectrophotometer (Tokyo, Japan); and the emission spectra were collected with a FluoroLog-3 spectrofluorometer (Horiba-Jobin-Yvon, Edison, New Jersey) as previously reported.
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Electrochemical measurements
Cyclic voltammetry (CV) was conducted using Reference 600™ Potentiostat/Galvanostat/ZRA (Gamry Instruments, Pennsylvania), equipped with a three-electrode cell, as previously described. 72, 73 The half-wave potentials, E ð1∕2Þ , were determined from the midpoints between the cathodic and anodic peak potentials for reversible oxidation and from the inflection points of the anodic waves for irreversible oxidation. For each residue, CV was carried out for different solvents at different electrolyte concentrations (tetrabutylammonium hexafluorophosphate was used for the electrolyte with concentration varying between 25 to 200 mM). At least three voltammograms (scan rate ¼ 200 mV s −1 ) were recorded for each sample condition (Aa residue, solvent and electrolyte concentration). From the dependence of E ð1∕2Þ on the electrolyte concentration, the potentials for neat solvents were estimated from extrapolations to zero 73 and presented in Fig. 4(b) .
Conclusions
Inducing rectification and managing charge traps (and potential barriers along CT pathways) represent only a couple of examples of the promising features of molecular electrets. Sets of non-native Aa residues, therefore, can serve as principal tools for the development of widely diverse molecular electrets and provide venues for bottom-up designs of functional electronic and photonic materials for energy applications.
